Stra6 is the retinoic acid (RA)-inducible gene encoding the cellular receptor for holo-retinol binding protein. This transmembrane protein mediates the internalization of retinol, which then upregulates RA-responsive genes in target cells. Here, we show that Stra6 can be upregulated by DNA damage in a p53-dependent manner, and it has an important role in cell death responses. Stra6 expression induced significant amounts of apoptosis in normal and cancer cells, and it was also able to influence p53-mediated cell fate decisions by turning an initial arrest response into cell death. Moreover, inhibition of Stra6 severely compromised p53-induced apoptosis. We also found that Stra6 induced mitochondria depolarization and accumulation of reactive oxygen species, and that it was present not only at the cellular membrane but also in the cytosol. Finally, we show that these novel functions of Stra6 did not require downstream activation of RA signalling. Our results present a previously unknown link between the RA and p53 pathways and provide a rationale to use retinoids to upregulate Stra6, and thus enhance the tumour suppressor functions of p53. This may have implications for the role of vitamin A metabolites in cancer prevention and treatment.
Human cells are constantly subjected to stresses that damage their DNA. This activates a series of mechanisms aimed at repairing the damage or eliminating severely affected cells before they divide and endanger the homoeostasis of the organism. A master controller of these cellular responses is p53, which functions as a 'guardian of the genome'. 1 The majority of cancers show loss of p53 function, [2] [3] [4] [5] underscoring its importance in tumour suppression. As a transcription factor, p53 targets the expression of a variety of genes involved in specific cellular responses, which include cell cycle arrest, senescence and apoptosis. 1, 4, [6] [7] [8] [9] [10] The factors determining cell fate decisions after p53 upregulation are still not well understood. 11 Vitamin A is a liposoluble factor necessary for most life forms, which animals cannot synthesize. 12 In humans, retinol, a form of vitamin A, is obtained from the diet and usually stored in the liver. A retinol binding protein (RBP) delivers it to other organs by forming a complex with it (holo-RBP) and transporting it through the blood. Once inside the cell, retinol is transformed into active retinoic acid (RA) by the action of enzymes such as ADH and RALDH. 13 In target cells, RA signals through its specific nuclear receptors (RARs and RXRs) 14, 15 to induce a series of RA-responsive genes that have important roles in embryonic development, organogenesis and maintenance of epithelia, as well as the physiological functions of the immune system, the brain, the eye and the reproductive system. 12, 16 RA also participates in cell growth, differentiation and death. It can induce arrest in the G 1 phase of the cell cycle by upregulating p21, 16 and apoptosis through an increase in death receptors such as FAS, DR4 and DR5. 16 The complexity of RA signalling is exemplified by the fact that retinoids are known teratogens, but they can also inhibit tumour cell growth. 16 One of the main active effectors of the pathway is all-trans RA (ATRA), which can regulate the expression of a large number of genes through binding and activation of RAR/RXR. For instance, ATRA can induce senescence, a tumour suppressor mechanism, through the activation of p16, p21 and p27. 17 Of special interest is the effect of ATRA on acute promyelocytic leukaemia, which blocks the PML-RARa fusion protein responsible for the disease. 18 Although RA-based treatments have been successfully used against certain types of tumours, its mechanisms of action are not clear. 16 Stra6 was first identified in mouse as a RA-responsive gene. 19 It encodes a transmembrane protein that is widely expressed during development and also in most adult organs. 20 Recently, it was discovered that Stra6 is the specific membrane receptor for RBP. 21 The existence of such a receptor was previously discovered in the 1970s, 22 but its identification remained elusive. It has been shown that Stra6 binds to holo-RBP and is necessary for the cellular uptake of retinol, therefore having an important upstream role in RA signalling. This was confirmed by the fact that Stra6 mutations observed in humans are responsible for familial syndromes likely to be related to the role of vitamin A in embryonic development, 21 which include severe malformations such as anophtalmia, congenital heart defects, diaphragmatic hernia, alveolar capillary displasia, lung hypoplasia and mental retardation. 23 Consistent with this, a Stra6 knockout mouse model showed several ocular defects similar to those described in humans. 24 Moreover, after binding to holo-RBP, Stra6 is phosphorylated when retinol is internalized and transferred to CRBP-I. 25 This phosphorylation is needed for retinol uptake. 25 Phosphorylated Stra6 also acts as a cytokine receptor that activates the JAK2/STAT5 pathway. 25, 26 This inhibits insulin signalling and enhances lipid accumulation, consistent with the association of certain SNPs in the Stra6 gene with type 2 diabetes. 27 Because of this, it has been proposed that Stra6 should be considered the first member of a new group of 'cytokine signalling transporters'. 25 Here, we show a novel function of Stra6 as part of the cellular responses to damage, and a previously unknown crosstalk between the p53 and RA pathways. We found that Stra6 participates in p53-induced cell death, likely by engaging the mitochondrial pathway of apoptosis and elevating intracellular reactive oxygen species (ROS). This makes Stra6 able to influence p53-mediated cell fate decisions by favouring apoptosis over arrest. We also found that this is independent of the downstream activation of RA targets. Our results define Stra6 as a new member of the p53 pathway and suggest that inducing Stra6 with retinoids could have a positive effect on the antineoplastic defences of the cell.
Results
Stra6 is induced by genotoxic stress in a p53-dependent manner. We identified Stra6 as a p53-induced gene in a cDNA expression array that we have used to characterize several new p53 targets. [28] [29] [30] Using a bladder cancer cell line with a tetracycline (tet)-regulatable p53 expression system, EJp53, 31 we observed by northern blot ( Figure 1a ) and quantitative real-time PCR (qRT-PCR) (Figure 1b , left panel) that Stra6 mRNA was upregulated in the presence of p53. As expected, this was accompanied by an increase in Stra6 protein levels (Figure 1c) . Moreover, we found that Stra6 was induced in response to DNA damaging agents such as doxorubicin (Figure 1b , right panel, and 1d), UV radiation or oxidants (Figure 1e ). This physiological response was observed in both normal human fibroblasts (IMR90) and colon cancer cells expressing wt p53 (HCT116). However, genotoxic stress was not able to induce Stra6 in the absence of p53 (Figures 1b and e) . This was also the case in MEFs from p53-null mice (Figure 1f ). Using the GIS Chip-PET data 32 (available via the UCSC Genome Browser), we observed that p53 binds on chromosome 15q21.2, at a region rich in H3K4Me3 that is likely to be the promoter of Stra6 (Figure 1g ). Thus, our data indicates that Stra6 is induced after genotoxic stress in a p53-dependent manner, and suggests that Stra6 is likely to be a novel target gene that has a role in p53-mediated responses to stress.
Stra6 contributes to p53-induced apoptosis. In order to elucidate the role of Stra6 in DNA damage responses, we transfected cells with a vector encoding Stra6 (Figures 2a   and b) . Annexin V staining showed that Stra6 triggered a moderate apoptotic response in IMR90 and HCT116 (Figure 2c ), despite the high expression levels achieved in transfection (see Figure 2b) . However, it induced a substantial amount of apoptosis in ovarian cancer cells PA-1 and A1847. Cells that showed the greatest sensitivity to Stra6 were also more sensitive to DNA damage. Of note PA-1 showed high sensitivity to Stra6 even though the expression levels were the lowest (see Figure 2b ). These data suggest that cell specific factors determine sensitivity to Stra6 and establish that Stra6 has pro-apoptotic activity. To further test this, we transfected Stra6 into EJp53. We have previously shown that upregulation of p53 in these cells triggers cell cycle arrest without significant apoptosis. 31 Although Stra6 did not induce cell death in EJp53 in the absence of p53, when p53 was expressed, Stra6 shifted the cellular response from arrest to apoptosis, as represented by a significant increase in the percentage of dead cells (Figure 2d ). This shows that Stra6 can influence p53-mediated cell fate decisions and supports the hypothesis that it has a role in p53-induced apoptosis.
Of note, the levels of Stra6 expression achieved by transfection were at least B3-4 fold higher than those observed after DNA damage (Figure 3a) . To better explore the physiological relevance of our findings, we generated HCT116 cells stably expressing shRNA against Stra6. This shRNA was able to completely block Stra6 induction after exposure to DNA damaging agents (Figure 3b ). Using these cells, we observed that the absence of Stra6 impaired apoptosis after genotoxic stress, with less than half the amount of cell death being induced after exposure to doxorubicin when measured by either propidium iodide (PI) or Annexin V staining (Figure 3c ). The effects of Stra6 inhibition on p53-induced apoptosis were similar to those observed in cells lacking Bax, one of the main pro-apoptotic p53 target genes (Figure 3d ). In view of these results, we concluded that Stra6 participates in the physiological responses to damage mediated by p53 by contributing to the induction of apoptosis.
Stra6 increases intracellular ROS levels and mitochondrial depolarization. The mechanisms by which Stra6 triggers and/or enhances apoptosis are not immediately obvious from its known role as a cellular gatekeeper of RA signalling. We reasoned that Stra6 could be increasing intracellular ROS, which are known to have an important role in p53-induced apoptosis and determine cell fate decisions after p53 upregulation. 33, 34 This would be consistent with results shown in Figure 2a , as doxorubicin partially induces apoptosis through ROS, and cancer cells are usually more sensitive to oxidative stress. 35 Indeed, a DCF (2 0 ,7 0 -dichlorodihydrofluorescein diacetate) staining showed that Stra6 expression was sufficient to elevate intracellular ROS in HCT116 and A1847 to levels similar to those observed after exposure to oxidants such as tert-butyl-hydroxyperoxide (tBH) or doxorubicin (Figures 4a and b ). An increase in intracellular ROS was also observed in normal human fibroblasts transfected with Stra6 (Supplementary Figure 1A) . The contribution of Stra6 to ROS induction was confirmed by comet assay analysis, which showed that cells in which Stra6 had been knocked down suffered less induced oxidative damage to their DNA in response to doxorubicin (Figure 4c ). This shows that Stra6 contributes to the generation of ROS in DNA damage responses and suggests that it may act on the intrinsic pathway of apoptosis, in which ROS and mitochondria are central. Consistent with this, we observed a marked mitochondria depolarization after Stra6 expression in normal and cancer cells, as measured by rhodamine staining (Figure 4d and Supplementary Figure 1B) , concomitant to the increase in apoptosis. This was comparable with the amount of depolarization and apoptosis exerted by tBH (Figure 4d ), which supports the hypothesis that Stra6-mediated induction of cell death depends on ROS increases. Of note, Stra6 did not have a part in apoptosis induced by TRAIL, which acts through the extrinsic pathway, as a shRNA against Stra6 did not ameliorate it ( Figure 4e ). All these data together indicate that Stra6 participates in p53-induced apoptosis, probably through the intrinsic pathway by affecting mitochondria polarization and increasing ROS accumulation.
The subcellular localization of Stra6. In order to better understand the role of Stra6 in the intrinsic pathway of apoptosis, we next studied its intracellular localization. We first confirmed by immunofluorescence microscopy that doxorubicin upregulated endogenous Stra6 in HCT116 cells (Figure 5a ). Basal levels were virtually undetectable, consistent with our previous results (see Figure 1) . Moreover, we found that, after damage, Stra6 was not exclusively located at the membrane in these cells, but also present in the cytosol. This suggests that DNA damage could change the subcellular localization of Stra6. To further explore this RA signalling is not necessary for the induction of apoptosis by Stra6. Our results provide a novel link between the RA and p53 pathways through Stra6. As RA signalling can itself trigger apoptosis, 16 one could hypothesize that Stra6 could be engaging this pathway to contribute to p53-mediated cell death. On the other hand, the subcellular localization of Stra6 suggests that its proapoptotic functions could be independent of its role in the RA pathway. This is supported by the fact that although HCT116 are RA-resistant due to a deficiency in the expression of RARs, 37 Stra6 expression can trigger apoptosis (see Figure 2b ), ROS accumulation (see Figure 4a ) and mitochondria depolarization (see Figure 4d) . To clarify this, we first measured whether Stra6 expression resulted in induction of downstream targets of RA. As expected, transfection of Stra6 into HCT116 did not affect the levels of the RA target gene, RARa (Figure 6a ). p53 was able to induce Stra6 mRNA in EJp53 cells, as previously shown, but not RA target genes RARa or RARb (Figure 6b ). We also measured the induction of another RA target gene, CYP26A1, in HCT116 and PA-1, a cell with intact RA signalling. As shown in Figure 6c , DNA damage did not induce the expression of CYP26A1 in any of these cell lines. As expected, ATRA induced CYP26A1 in PA-1, but not in RA-insensitive HCT116.
We next used a luciferase reporter assay driven by a RA-responsive promoter, which confirmed that neither DNA damage nor transfected Stra6 induced RA signalling in HCT116 (Figure 6d and Supplementary Figure 2A) . This was also the case in PA-1, in which both retinol and ATRA were able to activate the reporter (Figure 6d and Supplementary Figure 2B) . These results together strongly suggest that the role of Stra6 in the p53 pathway is independent of the activation of downstream RA signalling.
Discussion
In this study, we describe a novel function of the RAresponsive gene, Stra6, in p53-mediated apoptosis. p53 is a transcription factor that in response to different kinds of stress elicits cellular responses like arrest or death through upregulation of its target genes. 38 Several p53-induced genes with pro-apoptotic capabilities have already been described, but due to the complexity of the p53 pathway, 39 it is likely that many are still uncharacterized.
We provide insights as to previously unknown modulation of p53 functions by genes involved in RA signalling. We show that Stra6 levels increase in a p53-dependent manner after exposure to different kinds of damaging agents, both in normal and cancer cells. Its importance in p53-induced apoptosis is shown by the fact that Stra6 inhibition severely reduced the percentage of dead cells after stress, similar to what happens when other key apoptotic effectors of p53 are suppressed (see Figure 3d) . This shows the apoptotic potential of Stra6, and links it to tumour suppressor mechanisms, consistent with the fact that Stra6 mutations have been found in the stomach, breast, skin and brain cancers (according to the Sanger Institute's COSMIC database), and that Stra6 is downregulated in the breast, lung and colon cancers, among others (according to databases accessed through Oncomine). More data will be needed to explore the possible antitumoural role of Stra6.
Stra6 is a transmembrane protein that binds to holo-RBP and internalizes retinol. Thus, the potential mechanisms of the action of Stra6 as part of the apoptotic machinery were not evident. A logical hypothesis was that it could be acting through the death receptors located at the cellular membrane, which have been shown to be activated both by RA 16 and p53 (see Figure 1a) . However, we found that Stra6 had no effect on TRAIL-induced apoptosis. Instead, it affected the polarization of mitochondria, a key step in the cascade of events that lead to apoptosis via the intrinsic pathway, and the intracellular levels of ROS.
We hypothesize that Stra6-induced ROS are central to its ability to trigger apoptosis (Figure 6e ). This is supported by our results showing that cells that were more sensitive to doxorubicin (a known oxidant) also responded to Stra6 with higher levels of cell death (see Figure 2c) . Moreover, Stra6 expression could turn an initial arrest response to p53 into cell death (see Figure 2d) , similar to what can be achieved with oxidants. 33 Indeed, we have previously shown that ROS can influence cell fate decisions after p53 upregulation, and we proposed that ROS increases can convert an arrest response into apoptosis when a threshold of oxidative damage is reached. 33 This model would also explain the mechanism by which Stra6 has a role in p53 cell fate decisions: by increasing intracellular oxidants, it would ensure the commitment to the cell death pathway. On its own, Stra6 would induce apoptosis preferably in cells that are more sensitive to oxidants (such as PA-1 and A1847), because their threshold of sensitivity to oxidative stress would be lower. Given the fact that Stra6 can affect mitochondria functions (see Figure 4d ), these oxidants are likely to be released from the mitochondria, the main source of intracellular ROS. Further studies will be essential to test this hypothesis.
It is important to note that the induction of apoptosis by Stra6 did not require the activation of downstream RA target genes. This was supported by all the experiments performed in HCT116, a cell that is known to be RA-insensitive, 37 and by the fact that Stra6 was not able to induce the expression of downstream RA target genes or a RA reporter neither in these nor in cells with normal RA responses (see Figure 6) . Thus, the roles of Stra6 in the RA and p53 pathways are likely to be independent. We propose that these pleiotropic functions of Stra6 could be determined by its subcellular localization. According to this model, when in the cellular membrane, Stra6 would play a role in RA signalling, being the receptor responsible for the internalization of retinol, and triggering the cascade of events that lead to the induction of RA-responsive genes. However, after damage, the pool of Stra6 present in the cytosol would participate in p53-mediated responses by acting on the mitochondria and increasing ROS levels (Figure 5e ). It remains to be seen whether cytoplasmic Stra6 is its full-length form, a truncated one or even a different isoform. Characterization of the proteins that co-operate with Stra6 in different cellular locations would also help define how it interacts with mitochondria and the other components of the intrinsic pathway in order to perform its pro-apoptotic activity.
We believe that our findings not only help clarify the intricate biological processes activated after genotoxic stress, but also propose new therapeutic avenues for cancer. Our data suggest that cells with wild-type p53 could be primed to undergo apoptosis in response to chemotherapeutic agents, by increasing the expression of Stra6. As Stra6 is a RA-responsive gene, this could be achieved in target cells by treatment with retinoids. In fact, it has already been shown that exposure of colon cancer cells to RA results in accumulation of Stra6. 36 The same is true in normal fibroblasts treated with ATRA (Supplementary Figure 1C) . Moreover, oral vitamin A supplements induce Stra6 expression in mice. 40 Treating mice harbouring wnt-1-expressing breast tumours with RA, resulted in increased Stra6 mRNA in cancer but not in normal cells, possibly due to a wnt1-dependent enhancement of RA signalling. 41 According to our results, Stra6 could be more effective as an enhancer of apoptosis in cancer cells with higher sensitivity to oxidants, consistent with our previous results showing that cell-specific sensitivity to oxidative stress can determine the induction of cell death instead of arrest. 42 Therefore, all these data suggests that retinoids could potentially be used as adjuvants Role of Stra6 in p53-dependent apoptosis S Carrera et al of chemo-and radiotherapy in tumours that retain responsiveness to RA and a certain functionality of the p53 pathway. This also anticipates that vitamin A, a relatively cheap and safe compound, could be successfully used in chemoprevention, as it would increase the basal levels of Stra6 expression and thus enhance the tumour suppressor functions of p53. Cell fate decisions after p53 induction are determined by a sophisticated system of interacting factors that is not completely understood. 39 Our results add another element to this network, but more importantly, they provide a novel pathway of modulation of p53 functions by vitamin A, and its active metabolites that may be exploited in cancer therapy and prevention in the future.
Materials and Methods
Cell culture. EJ bladder cancer cells with a tet-regulated expression system (EJp53 31 ) were maintained in DMEM supplemented with 10% FBS, penicillin-streptomycin (50 units/ml), hygromycin (100 mg/ml) and geneticin (750 mg/ml), plus 1 mg/ml tet to repress the expression of p53. EJp53 were provided by Dr. Stuart Aaronson (Mount Sinai School of Medicine, New York, NY, USA). HCT116, HCT116 p53 À / À , HCT116 Bax À / À , PA-1, A1847, 501T, IMR90 and 293 were maintained in DMEM supplemented with 10% FBS and penicillinstreptomycin (50 units/ml). Fresh medium was added at least every 3 days. Cells were treated with different concentrations of doxorubicin (Dox, Sigma-Aldrich, St Louis, MO, USA), tert-butyl-hydroperoxide (tBH, Sigma-Aldrich), H 2 O 2 (SigmaAldrich), ATRA (Sigma-Aldrich), retinol (Sigma-Aldrich) or TNF-related apoptosisinducing ligand (TRAIL, recombinant, Sigma-Aldrich). Chemicals were added to the culture media, and were not removed until analysis was performed, or when media was changed, as specified. For UV treatments, medium was removed and cells were kept under a UV lamp for a total of 50 mJ/cm 2 .
Modulation of Stra6 expression. A full-length Stra6 cDNA clone in a pCMV6-XL4 vector was obtained from Origene, Rockville, MD, USA. Transfections were performed with Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA), following manufacturer's specifications. HCT116 stably expressing a Luciferase or a Stra6 shRNA were prepared using shRNA HuSH plasmids from Origene, following manufacturer's protocols. Selection of stable clones was performed with 1 mg/ml puromycin for 2 weeks. Measurement of intracellular oxidation. Cells were incubated with 5 mg/ml 2 0 ,7 0 -dichlorodihydrofluorescein diacetate (Invitrogen) for 30 min at 37 1C, then washed with PBS, trypsinized and collected in 0.5 ml of PBS, followed by FACS analysis. Values of mean fluorescence intensity were plotted.
Measurement of mitochondrial membrane potential. Cells were incubated with 5 mg/ml rhodamine 123 (Invitrogen) for 30 min at 37 1C, then washed with PBS, trypsinized and collected in 0.5 ml of PBS, followed by FACS analysis. Values of mean fluorescence intensity were plotted.
qRT-PCR. Medium was aspirated from the plates and cells were washed once with ice-cold PBS. Total RNA was extracted using TRIzol (Invitrogen), following manufacturer's protocols. RNA was resuspended in RNase-free water by passing the solution several times through a pipette tip. Total RNA was quantified using a Nanodrop ND8000 (Thermo Scientific, Waltham, MA, USA). cDNA was prepared from 1 mg of RNA with the Precision qScript Reverse Transcription kit (PrimerDesign, Southampton, UK) using oligo-dT primers, following manufacturer's instructions. The cDNA was diluted 1 : 10 and 5 ml were used for each reaction. Experiments were all performed in triplicate. Custom designed real-time PCR assay from PrimerDesign Ltd was used for the qRT-PCR with 2 Â Precision Mastermix (PrimerDesign Ltd), following manufacturer's instructions. Reactions were carried out on a Roche Light Cycler 480 (Roche, Penzberg, Germany) under the following conditions: enzyme activation for 10 min at 95 1C, followed by 50 cycles of denaturation for 15 s at 95 1C and data collection for 60 s at 60 1C. A post PCR run melting curve was used to probe the specificity of the primers. Primers: ACTB (provided by PrimerDesign), TBP (5
Northern blot analysis. Total RNA was extracted using TRIzol (Invitrogen), following manufacturer's instructions. 20 mg RNA were loaded into a 1.6% agarose-formaldehyde gel with ethidium bromide for electrophoresis, and then transferred to a nylon membrane and crosslinked in a UV crosslinker at 125 mJ. A 32 P-labelled Stra6 or TRAILR2 cDNA, isolated from the plasmid and purified through BioSpin columns (BioRad, Hercules, CA, USA), was used as a probe for hybridization, following standard protocols.
Immunoblot analysis. Cells were washed twice with ice-cold PBS and lysed using 500 ml of ProteoJET Mammalian Cell Lysis Reagent (Fermentas, Waltham, MA, USA) to extract cellular membranes or as described before, 43 in the presence of 1 mg/ml Protease Inhibitor Cocktail Set III (Calbiochem, Darmstadt, Germany). Lysates were cleared by centrifugation at maximum speed for 15 min at 4 1C. Protein concentrations were then determined using Bradford protein assay (Fermentas). Twenty micrograms of total cell protein per sample were subjected to 10 or 6% SDS-PAGE and transferred to Immobilon-P membrane (Millipore, Darmstadt, Germany). An ECL detection system (Thermo Scientific) was used. p53 was detected with the 1801 antibody (ab28, Abcam, Cambridge, UK) and Stra6 with a rabbit polyclonal antibody (ab73490, Abcam). Levels of b-actin (ab3280, Abcam) or calnexin (rabbit polyclonal, Cell Signalling) were used as loading controls.
Measurement of oxidative damage to DNA. The relative levels of oxidative purine base damage were monitored using the human formamidopyrimidine DNA glycosylase (fpg) comet assay, as described previously for the human 8-oxoguanine DNA glycosylase 1 (hOGG1) comet assay (hOGG1 comet) 44 with the following modifications: after lysis the slides were washed once with distilled water and immersed in three changes of enzyme digestion buffer (40 mM HEPES, 0.1 M KCl, 0.5 mM EDTA and 0.2 mg/ml bovine serum albumin (pH 8.0)), for 5 min each time, at room temperature. Fpg (Sigma-Aldrich) was added to the gel (50 ml/gel) at 1/500 or 1/1000 dilutions; gels were covered with a cover slip and incubated in a humidified chamber at 37 1C for 30 min; the cover slips were removed and the slides were placed in a horizontal electrophoresis tank. From this step onwards, the assay was performed as described. 45 DNA damage was expressed as the percentage of DNA in the comet tails.
Immunofluorescence. Cells were split into 6-well plates containing sterile coverslips. Cells were transfected as described above with 4 mg of either Stra6 plasmid or an empty vector. After 24 h, media was aspirated from the plates and cells were washed three times with 1 Â PBS. Cells were fixed using 1 ml of 4% paraformaldehyde for 30 min with gentle shaking. After fixing, cells were washed three times with 1 Â PBS and permeabilized with 1 ml 0.1% Triton X-100 for 10 min. Cells were then washed three times with 1 Â PBS and blocked with 1% BSA for 30 min. Coverslips were incubated with 100 ml 1 : 100 primary antibody (Stra6, Abcam; calnexin, Cell Signalling) overnight at 4 1C. The following day, coverslips were washed three times with 1 Â PBS and incubated with 100 ml secondary anti-rabbit and anti-mouse antibody (Alexa Fluor 488 and 594, Invitrogen) for 45 min in the dark. After incubation, coverslips were washed three times with 1 Â PBS and stained with 4 0 ,6-diamidino-2-phenylindole, dihydrochloride (DAPI, Invitrogen) for 10 min. Slides were labelled and the coverslips were mounted and sealed with transparent nail varnish. Slides were analysed using a Nokia TE300 semi-automatic microscope.
Luciferase assay. Cells were grown into 24-well plates and transfected with a pGL2 Promoter vector containing five DR1 consensus RAREs 46 (generously provided by D. Wotton, University of Virginia) and co-transfected with a b-galactosidase plasmid as a transfection control. Medium was removed from the wells and cells were washed once with 1 Â PBS. One hundred and forty microlitres of 1 Â lysis buffer was added to each well and the plates were incubated on the shaker for 2 h at room temperature or for 30 min at À 80 1C. For b-galactosidase, 80 ml of each cell lysate were transferred into a 96-well plate and 100 ml of b-galactosidase substrate was added to each well and incubated at 37 1C for 15 min. The absorbance was measured at 405 nm. For the luciferase assay, 20 ml of each cell lysate were transferred into a white 96-well plate. 50 ml of luciferase substrate (Promega, Madison, WI, USA) was dispensed into each well and light emission measurements were taken after 30 s.
